Objective: To characterize the humoral immune response to islet antigen 2 (IA-2) in patients with newly diagnosed type 1 diabetes (T1D), we compared the profile of epitope-and isotype-specific IA-2 antibodies (IA-2A) between children with a humoral immune response restricted to IA-2 and children with a broad response including insulin autoantibodies (IAA) and antibodies to glutamic acid decarboxylase (GADA) in addition to IA-2A. Methods: The study subjects (nZ100) were derived from a consecutive series of 1108 patients from the Finnish Pediatric Diabetes Register (investigators listed in the Appendix). Islet cell antibodies, IAA, GADA, total IA-2A levels, IA-2/IA-2b epitopes, and isotypes were measured, and human leukocyte antigen (HLA) genotypes were analyzed. Results: There were no significant differences between the two groups in the frequency or levels of epitope-specific IA-2A. Those with an IA-2-restrictive response tested positive more frequently for IgA-IA-2A (PZ0.001), had higher titers of IgE-IA-2A (PZ0.025), tested positive for more IA-2A isotypes than the broad responders (PZ0.04), and carried the high-risk HLA-(DR4)-DQB1*0302 haplotype more frequently than those with a broad antibody response (PZ0.019). Conclusions: These data show that children with newly diagnosed T1D, who test positive only for IA-2A out of the three molecular antibodies predictive of T1D, have a broader IA-2-specific isotype response and stronger association with the high-risk HLA haplotype than those testing positive for all three molecular antibodies. This may be indicative of a different pathogenetic mechanism in those with their humoral immune response restricted to IA-2 at the time of diagnosis.
Introduction
Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by an asymptomatic prediabetic period, which may last for years (1) . During this period, autoantibodies to b-cells located in the pancreatic islets can be detected from the peripheral circulation as a marker of an ongoing T-cell-mediated destructive process in the islets. Such autoantibodies can be used for the identification of individuals at high risk for developing T1D (1) . A series of autoantigens present in the b-cells have been characterized, the major ones comprising insulin, glutamic acid decarboxylase (GAD), and the protein tyrosine phosphatase (PTP)-like proteins, islet antigen 2 (IA-2), and 2b (IA-2b). Both IA-2 antigens are enzymatically inactive transmembrane proteins and they are assumed to play a role in the regulation of insulin secretion (2, 3) . Humoral autoimmunity is directed toward the intracellular portion of these molecules. Several autoantigenic domains have been identified, including the juxtamembrane region (JM) of the IA-2 protein (amino acids (aa) 601-682), the PTP domain of the IA-2 protein (aa 687-979), and the PTP domain of the IA-2b protein (aa 741-1033). Autoantibodies that cross-react between the IA-2 and IA-2b PTP domains (crPTP) are also common (4) (5) (6) (7) (8) . Antibodies to the IA-2b-specific epitopes are less frequent than those specific for the IA-2 epitopes, and have therefore been implicated to arise by epitope spreading secondary to the IA-2-specific humoral response (5, (7) (8) (9) .
It has been suggested that the autoimmune reaction toward islet cells may start as a benign T-helper 2 (Th2)biased response that later polarizes into a destructive Th1 response leading to overt T1D (10) . The analysis of isotype-specific autoantibodies to a given antigen may potentially provide the means of assessing the polarization of the autoantigen-specific immune response.
Multiple chromosomal loci have been associated with either predisposition to or protection from T1D.
The most important genes are located on the short arm of chromosome 6 in the HLA region. It has been estimated that about 50% of the familial clustering of T1D can be explained by these genes (11) . IA-2 antibodies (IA-2A) have been associated with one of the strongest haplotypes predisposing to T1D, namely the (DR4)-DQB1*0302 haplotype (11, 12) .
In this study, we set out to further characterize the humoral immune response to the IA-2 antigen in children with newly diagnosed T1D with different islet autoantibody profiles, i.e. patients with their response restricted to IA-2 and those with additional responses to both of the other two biochemically defined major autoantigens. We hypothesized that those with a broad general autoantibody response would also have a broader IA-2-specific response than those with their response restricted to IA-2.
Subjects and methods

Subjects
The study subjects were derived from the Finnish Pediatric Diabetes Register and Biobank (investigators listed in the Appendix) that comprise data and samples from children and adolescents with newly diagnosed T1D and from their first-degree relatives. The register covers at least 82% of all children and adolescents under the age of 16 years diagnosed with T1D during the time period from June 1, 2002 to September 30, 2005 in Finland based on the use of the register of the National Social Insurance Institute as a secondary source. Blood samples for the isolation of serum, cells, and DNA are drawn for the Biobank as soon as possible after the diagnosis. The register includes information on the family history of T1D and data on the degree of metabolic decompensation at the time of diagnosis. Islet cell antibodies (ICA), insulin autoantibodies (IAA), autoantibodies to GAD (GADA), and IA-2A are measured from the serum samples of the diabetic children and their family members and their HLAgenotypes are analyzed. The parents of the children as well as each child 10 years of age or older gave their informed written consent. The protocol has been approved by the Ethical Committee of the tested positive for all three molecular autoantibodies (IA-2A, IAA, and GADA). Isolated IAA-positivity (38/1108, 3.4%) and GADA positivity (80/1108, 7.2%) were less frequent (P!0.001) than isolated IA-2A positivity. In the present study, we included 50 children with newly diagnosed T1D who tested positive for IA-2A but negative for the other two molecular autoantibodies, i.e. IAA and GADA, and who could be matched with a child with newly diagnosed diabetes with all three molecular autoantibodies. These IA-2restrictive responders and broad responders were matched for sex, age (G1 year), and IA-2A titer (G 20 RU). A majority of the 100 subjects were males (nZ64). The age of the children ranged from 1.45 to 15.95 years with a median of 9.52 years and a mean of 9.71 years (3.01; S.D.). The samples were analyzed for total IA-2A levels, IA-2/IA-2b epitopes (JM, PTP, bPTP, crPTP), IgG subclasses (IgG1, IgG2, IgG3, and IgG4), and other isotypes (IgA, IgE, and IgM).
Methods
Antibodies IA-2A were analyzed with a RIA as described previously (13) . Antibody levels were expressed as RU based on a standard curve derived from a pool of samples strongly positive for IA-2A and diluted in normal human serum (NHS). The disease sensitivity of this assay was 72% and disease specificity 100% according to the 2005 Diabetes Autoantibody Standardization Program (DASP). All samples initially tested as having IA-2A levels above 90 RU were diluted in NHS to obtain reliable results from the linear part of the standard curve. IAA and GADAwere analyzed with specific radiobinding assays (14, 15) with disease sensitivities of 44 and 82% and specificities of 98 and 97% respectively according to DASP 2005. ICA were quantified by a standard indirect immunofluorescence method (16) . More than 350 non-diabetic Finnish children and adolescents were tested for IAA, GADA, and IA-2A to determine the limits of positivity defined as the 99th percentiles, and being 2.80, 5.36, and 0.77 RU, respectively.
Epitope-and isotype-specific IA-2/IA-2b antibodies Epitope-and isotype-specific antibodies to IA-2 and IA-2b proteins were analyzed as described in detail previously (17) . The protocol for analyzing epitope-specific antibodies was essentially identical to that used for IA-2A except that epitope-specific radioligands IA-2 PTP 687-979 , IA-2b PTP 741-1033 , IA-2 389-779 , and IA-2 601-682 /IA-2b 737-1033 were used. To identify crossreactive antibodies and antibodies specific to a single epitope the sera were preincubated with unlabeled IA-2 and IA-2b proteins expressed in Escherichia coli. After direct binding and competition experiments, epitopespecific antibodies were classified into four reactivities, namely IA-2 JM, specific IA-2 PTP, specific IA-2b PTP, and cr IA-2 PTP/IA-2b PTP antibodies. Isotype-and subclassspecific antibodies were analyzed by using precipitation with biotinylated isotype and subclass-specific monoclonal antibodies linked to streptavidin agarose. Isotypespecific antibody results were expressed as SDS as defined previously (17) , and a level of 3 SDS or more was considered positive.
HLA typing HLA typing data were available for 95 out of 100 subjects. Typing was performed with a technique based on solution hybridization with lanthanide-labeled oligonucleotide probes using time-resolved fluorometry for detection (18) . A low-resolution full-house genotyping for major DR-DQ haplotypes covering DR4 subtypes was also performed as described earlier (18) . According to the HLA typing results, the subjects were classified into five risk categories depending on their genetic risk of developing T1D. The highest risk genotype (risk group 4) included subjects carrying two different riskassociated haplotypes ((DR3)-DQA1*05-DQB1*02 and DRB1*0401/2/4/5-DQA1*03-DQB1*0302), risk group 3, those who were homozygous for a risk-associated haplotype, had DRB1*0401/2/4/5-DQA1*03-DQB1 *0302 combined with a neutral haplotype or had the (DR3)-DQA1*05-DQB1*02/(DR9)-DQA1*03-DQB1 *0303 genotype. Risk group 2 comprised other genotypes combining (DR3)-DQA1*05-DQB1*02 with a neutral haplotype and the DRB1*0401/2/4/5-DQA1*03-DQB1*0302/(DR13)-DQB1*0603 genotype. Risk group 1 covered other genotypes where a risk haplotype was combined with a protective one ((DR15)-DQB1*0602, (DR11/12/13)-DQA1*05-DQB1*0301, (DR14)-DQB1*0503, (DR7)-DQA1*0201-DQB1*03 03) as well as combinations of two neutral haplotypes. Risk group 0 included the subjects who had a combination of protective haplotypes or a protective haplotype associated with a neutral one. The classification is based on a study of 622 Finnish nuclear families with a child affected by T1D (18) . A dichotomous classification was also applied, according to which risk groups 0-2 comprised a category 'at low risk of developing T1D,' while risk groups 3 and 4 included those at 'high risk of developing T1D.'
Markers of metabolic decompensation at diagnosis
The markers of the degree of metabolic decompensation at diagnosis were measured in the local laboratories. These parameters included pH, blood glucose, and b-hydroxybutyrate levels. Data on blood glucose concentrations were missing in two subjects and those on blood pH in four subjects. Serum b-hydroxybutyrate concentrations were missing in 13 subjects.
Data handling and statistical analysis When evaluating the frequencies of different epitope-and isotype-specific IA-2A and HLA markers between groups, we used cross-tabulation and c 2 -statistics with Yates continuity correction when appropriate. Mann-Whitney U-test was used to compare different variables between groups. The differences in the antibody levels within groups were evaluated with Wilcoxon's rank-sum test. A two-tailed P value of 0.05 or less was considered statistically significant. All the statistical analyses were performed with the 12.0.1 version of the SPSS statistical software package (SPSS Inc., Chicago, IL, USA). There was no difference in the frequency of ICA between the two groups; only three children among the IA-2-restrictive responders and one among the broad responders tested negative for ICA (PZ0.61). However, the ICA titers were higher in the group of broad responders than in those with an IA-2-restrictive response (medians 44 vs 12 Juvenile Diabetes Foundation (JDF) units, P!0.001).
Results
Autoantibodies
We reanalyzed total IA-2A levels after diluting all the samples initially measured to have an IA-2A titer of 90 RU or more. As a result, these antibody levels were higher than those previously seen in the analyses for the Biobank dataset (medians 161.1 vs 96.2 RU, P!0.001). There was no difference in the total IA-2A titers between the restrictive and broad responders. The median IA-2A level was 171.1 RU (range 37.9-4523 RU) in the restrictive responders and 140.6 RU (range 36.2-8241 RU) in the broad responders.
Epitope-specific antibodies
There were no differences in the epitope-specific responses between the IA-2-restrictive and -broad responders. The two groups did not differ in terms of epitope-specific antibody frequencies or antibody levels (data not shown). IA-2 PTP antibodies were the most frequent; 92% of the restrictive responders and 88% of the broad responders tested positive for these antibodies (PZ0.74) with median levels of 15.3 and 10.7 RU (PZ0.12). Cross-reactive IA-2 PTP/IA-2b PTP antibodies were detected in 86% of the restrictive responders and in 88% of the broad responders (PZ1.00), the median level being 14.4 and 16.5 RU (PZ0.56) respectively. IA-2 JM positive responses were observed in 44 and 42% (PZ1.00) of the two groups (median levels 11.6 vs 11.6 RU; PZ0.92). IA-2b PTP antibodies were infrequent; only 10% of the restrictive responders and 12% of the broad responders tested positive for this epitope-specific reactivity (PZ1.00; median levels 8.4 vs 6.7 RU; PZ1.00). We also compared the number of positive epitope-specific antibody responses, the median number being two out of four possible (PZ0.80) in both the groups.
Isotype-specific antibodies
All the subjects tested positive for IgG1-IA-2A. Also, IgG2 (78% of restrictive responders versus 70% of broad responders) and IgG4 (74% vs 62%) subclass antibodies were common, whereas IgG3 (36% vs 36%), IgE (32% vs 18%), and IgM (28% vs 32%) responses were seen less frequently (Fig. 1) . The IA-2-restrictive responders tested positive for IgA-IA-2A more often than the broad responders (66% vs 30%, PZ0.001). There were also differences in the levels of isotype-specific antibodies ( Table 1) . IgE-IA-2A levels were higher among the restrictive responders, while IgG1-IA-2A levels were lower in this group. IA-2-restrictive responders had a higher number of positive isotype-specific antibodies (PZ0.04), the median being four out of seven in this group, while the corresponding median was three among the broad responders. When all the children were categorized into two groups according to the age at diagnosis using the median age of 9.52 years as the cutoff point, younger subjects had higher IgG3-IA-2A levels than the older subjects among the restrictive responders (PZ0.04). This difference was not seen among the broad responders.
IA-2A response in relation to HLA-conferred disease susceptibility
Children with an IA-2-restrictive response carried more often (39/47; 83%) high and moderate risk HLA genotypes (risk groups 3 and 4) than those with a broad autoantibody response (29/48; 60%; PZ0.03). None of the restrictive responders had a protective HLA genotype, whereas two subjects (4%) carried this genotype among the broad responders. The strongly predisposing risk haplotype DRB1*0401-DQB1*0302 was observed to be more frequent among restrictive responders (37/47; 79%) than among broad responders (26/48; 54%; PZ0.02). A combination of any subtype of DR4 with DQB1*0302 (the (DR4)-DQB1*0302 haplotype) was also more common among the restrictive responders (41/47; 87%) than the broad responders (31/48; 65%; PZ0.02). The genotype (DR1/10)-DQB1*0501/DRB1*0401-DQB1*0302 (risk group 3) was seen more frequently among restrictive responders (13/47; 28%) than among broad responders (2/48, 4%; PZ0.004). There was no difference between the groups in terms of the frequency of the high-risk genotype (DR3)-DQA1*05-DQB1*02/DRB1*0401-DQB1*0302 (risk group 4; 9/47 vs 9/48; 19% vs 19%).
Family history of T1D
No difference could be seen in the family history of T1D between the IA-2-restrictive responders and the broad 
Metabolic decompensation at diagnosis
No significant differences were observed in the markers of the degree of metabolic decompensation at diagnosis between the restrictive and broad responders (median blood glucose concentration 23.2 mmol/l in the restrictive responders versus 23.6 mmol/l in the broad responders (PZ0.97), the median pH 7.38 vs 7.37 (PZ0.44) and the median b-hydroxybutyrate concentration 1.99 mmol/l versus 1.66 mmol/l (PZ0.66)). The frequency of diabetic ketoacidosis defined as pH! 7.30 was 23% (11/48) among the restrictive responders and 14% (7/49; PZ0.41) among the broad responders.
Discussion
When planning this study, we hypothesized that the humoral immune response against the IA-2/IA-2b protein would be broader among the broad responders than among the IA-2-restrictive responders. Since the humoral immune system was already attacking multiple autoantigens, namely GAD, insulin, and IA-2 in the broad responders, we expected this phenomenon to be reflected by a broad activation also at the level of epitope and isotype specificity to a single antigen. Such a hypothesis is in line with the epitope spreading seen in prediabetes and the isotype switching/spreading reported for both GAD (19) and IA-2 (9, 20) in preclinical T1D. To our surprise, the isotype-specific response to IA-2 turned out to be broader among the IA-2-restrictive responders. These observations show that although the humoral immune system of IA-2-restrictive responders is targeting only one of the biochemically characterized b-cell autoantigens, it is responding to this antigen with a vast array of different immunoglobulin isotypes. Among the broad responders, the titers of IgG1 subclass IA-2A were somewhat higher but the number of various immunoglobulin isotypes targeting IA-2/IA-2b proteins was fewer. The higher levels of IgE class IA-2A and lower IgG1 subclass levels among the restrictive responders point toward an IA-2-specific regulatory or Th2polarized immune response. There was, however, no significant difference in the levels of IgG4 subclass antibodies implicated as reflecting a Th2-biased response or IgG3 subclass antibodies perceived as representing a Th1-polarized response. There was no difference in the age at diagnosis between those positive for IgE subclass IA-2A and the negative ones. One would have expected IgE-positive children to be older at the time of diagnosis based on our earlier observation that an IgE class IA-2 response protects from progression to T1D among IA-2A-positive children (17, 20) .
There is a variety of studies in which IA-2 epitopeand isotype-specific antibodies have been analyzed in subjects with preclinical T1D, and their role in predicting disease progression has been assessed. For example, IgG4 subclass IA-2A (21) as well as IgE class IA-2A (17, 20) have been associated with protection from progression to T1D. JM-specific IA-2A have been shown to be one of the first epitope-specific IA-2A to appear in young children (9) , and they have been associated with a greater risk of progression to overt T1D (9, 17, 20) . There are, however, fewer studies measuring the same parameters among patients with newly diagnosed T1D. Our findings on the frequencies of the different epitope-specific IA-2A are in line with these previous studies, where IA-2A binding specifically to the PTP epitope or cross-reacting with the IA-2/IA-2b PTP epitopes were detected most frequently, while responses targeting the PTP epitope of IA-2b were rare (4) (5) (6) 8) . In studies where isotype-specific IA-2A have been measured in patients with newly diagnosed T1D, IgG1 subclass antibodies have been observed to be the dominant isotype-specific antibody reactivity, although they have not been detected in all the subjects (21) (22) (23) . Other IgG subclass IA-2A as well as IgE and IgA IA-2A have been observed less frequently, whereas IgM class IA-2A have not been detected (23) or analyzed at all (21, 22) in those studies. The present study is in line with previous findings in that IgG1 subclass IA-2A were most prominent ( Fig. 1) . We in fact observed such antibodies in all of our subjects, possibly due to their high-titer total IA-2 responses. In our series, IgG2 was the second most frequent antibody subclass followed by IgG4. We also detected IgM class IA-2A.
In our series of 100 children with newly diagnosed T1D, those with an IA-2-restrictive humoral immune response carried a stronger HLA-conferred susceptibility to T1D than those with a broad response, but this is due to the specific association with the strongly predisposing DRB1*0401-DQB1*0302 haplotype. There was in fact no difference in the frequency of the highest risk associated (DR3)-DQA1*05-DQB1*02/DRB1*0401-DQB1*0302 genotype. This finding is consistent with previous observations according to which children with (DR4)-DQB1*0302 were shown to test more frequently positive for both IAA and IA-2A and to have higher IAA and IA-2A levels (11, 12) .
The association between the humoral immune response restricted to the IA-2/IA-2b antigen and a specific HLA risk haplotype implies the possibility of a different pathogenetic mechanism of T1D operating in those children with an IA-2-restricted response. IA-2 might be the primary autoantigen in these children, although one cannot exclude that they may test positive for other diabetes-associated autoantibodies not analyzed in the present study, such as antibodies to the recently characterized zinc transporter ZnT8 (24) .
In general, IA-2A have been shown to be the last appearing antibody reactivity during preclinical diabetes among those with multiple autoantibodies, where their emergence probably reflects antigenic spreading of an ongoing autoimmune response (25, 26) . In addition to the class II HLA DRB1*0401-DQB1*0302 haplotype, factors controlling the IA-2-restrictive pathogenesis of T1D might include other genetic loci. In previous studies in prediabetic children, the insulin gene INS -(-23)-HphI polymorphism (12) , the cytotoxic T-lymphocyte-associated protein 4 (CTLA4)C49 or CT60 polymorphisms (12) , or the Arg620Trp variant in the lymphoid tyrosine phosphatase encoding the PTPN22 gene (27) did not affect the production of IA-2A, but the INS and PTPN22 polymorphisms were observed to be associated with the early appearance of IAA and to contribute to the pathogenesis of T1D by initiating/modifying insulinspecific immunity. Further studies are required to unravel the factors influencing the IA-2-restricted response and the possible pathogenetic mechanism behind.
In the present study, we included 50 children testing positive for only IA-2A out of three molecular T1Dassociated autoantibodies at the time of diagnosis and 50 who tested positive for all three molecular antibodies. All children from the Finnish Pediatric Diabetes Register who were eligible for the study design could not be included because the analyses of isotypespecific antibodies are relatively expensive. Since there were no samples available from the time period before the diagnosis of T1D, we cannot rule out the possibility that the children who tested positive for IA-2A only at diagnosis actually had other autoantibodies during the prediabetic period. IAA in particular have been observed to fluctuate between positivity and negativity in children with increased genetic diabetes susceptibility (28) . However, transient autoantibody positivity has been reported to be a rare phenomenon especially in children with multiple autoantibodies (28, 29) . In fact among 1005 children with increased genetic risk for T1D, only one child tested positive for two autoantibodies at some point but later seroconverted to positivity for only one antibody (28) . Prospective studies with samples taken before the diagnosis are needed to confirm whether IA-2-restrictive responders truly have a humoral immune response restricted to only that autoantigen.
Positivity for a single autoantibody usually reflects harmless, non-progressive b-cell autoimmunity, whereas positivity for multiple autoantibodies represents a progressive disease process in subjects at risk for T1D (30) . The present observations imply that isolated IA-2A positivity might indicate progressive b-cell autoimmunity, as it was more common among patients with newly diagnosed T1D than isolated IAA or GADA positivity and was associated with the HLA allele conferring the strongest disease susceptibility. Accordingly, one may consider whether subjects with isolated IA-2A positivity should be included or not in the target group for any immune intervention aimed at the prevention of T1D.
We conclude that there are differences in the humoral immune response to the IA-2 autoantigen between newly diagnosed T1D patients with an IA-2-restrictive antibody profile and those positive for multiple autoantibodies. The restrictive response was characterized by a broader isotype-specific response to the IA-2 antigen and an association with the HLA risk haplotype DRB1*0401-DQB1*0302 implicating a different pathogenetic mechanism in those with a restricted IA-2specific response.
